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Fig. 1. (a) Initial and (b) deformed Functionally Graded (FG) temperature-sensitive hydrogel beam
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hydrogel related to the constitutive model [33]
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Fig. 2. Bending of FG hydrogel strip sensitive to temperature in initial and deformed states simulated in ABAQUS
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Fig. 4. Cross-linked polymer values by passing through
thickness of hydrogel layer

izl g (el ans J> by Gy 5l (owles g (el sl il

YoMl

oals ails y dgame eyl > b ol awslie g el aas >
30 G oady blaie oS Sl s 28,8 s o Lo 4wl
Ll cpl yocasl oals a8 5 18 b3l o s i Cawales gl
laSid ol s ewl sonlise LB (YY) alayl, jo a5 jobjlen
32 5 Gl L o e 4,5 15 o (Slaigy (s Wi
2 il o 8IS (s paly Lo slaSid olyee el (sl
50 sl i b g ey bl slacstd polie ol oo ¥ JSS

S5 edalin oe5u |y Cuwlrs b,

N

A Ny =0.001 (Abdolahi2016) |
O Nv=0.005 (Abdolahi2016)
% Nv=0.01 (Abdolahi2016)||

B |
>

60 —— this work
=
o 50 b
g
oo 40 b
£
3 30 |
E3
75}
20 b
(b)
10 b
290 295 300 305 310 315 320

T [K]

[YVF] Los & ol 5,008 05T 55 alies 51 ol 95 s gl 3 IS

Fig. 3. Swelling ratio results related to free-swelling of
temperature-sensitive hydrogel [24]

S o et CslS YAA B YT 5 Les e altes ol o

Pl a el Jig0ee o Sy SBl6S pae 4 g b



FOAY b YOAY doio VAR Jlo VY 0,leud Y 095 ¢y pool SilSn i 4y

S5 Azl 9 (e -0
ool 39 08 3 5 pazeie L3, 4 4z g3 b gl (ol o
Jed 5l oo )5 0 (6, Reiiz job 4y S wiadan b Lo &
Q u.uLmD C;‘LQJ)S)M Sl 00 AD‘\)).' Loo ).‘...x.’ L| é‘}o k)"‘
G polie glas 3925 4y azgi b akedum (i (olss L oo
g adle o les o bl cwlbs slbly o oy blie
sl Gz polie 8925 iiS oo o> 4 £9,0 pafiww
3 Salas cel by 59,00 calire sl isu o (el biliie
2 5 e Sl i Gl LU )3 095 s (e 3 £95
Olse Jol al o (oS s jo Los pii b aS 005 o L) G
3,5 Sl b dzgi b Lauils T3k 0gz Jol cdl> as | oo
e Sl el des S (g, Il g cnl 50 ey
won & sedas (b Led 4 ulus sla iy e I Ko 5
Ui’ﬁ) Cono (g y 6‘)g RGO IPR W d.,o-lo); obA U"‘ ‘0)5) )L}'..é)
Aol g g dgame szl > g, 3l eolainl b cdow 950
B iz S)90 B9y 59 2 3l Jelo @mls e cnl Gl plag
> a5 2dl o Glgice s Vb Lkl 4 azg b ol i8S
Lsly cpl 50 0iS oo (miiom |y Slge ol JL8, oe5n conls &3l
Sl dos > 35k 98 1) (omlow 25 5 (oled (A5 cglad
Sgaowe szl oy puole 18 aslie 8,90 dga0we slixl > g
@ Cwld bl o 1) x5 ead a8 )5 Sl 55 gile e sl
Sglate g Cull Olasein 4Y ;8 1045 65,5 puedl oldaY oloss

%1075

(€))

— Analytic
—A—FEM- 10 layers
—©—FEM- 20 layers | -
—%—FEM- 40 layers
—+— FEM- 80 layers

4t

-6 = \ ‘ .
0 0.2 0.4 0.6 0.8 1
XZ/H

0.11 -
0.105 -
0.1
E g.095¢
AN
% 0.09f
™
0.085 - —— Analytic 1
/\ FEM- 10 layers
0.08 - O FEM- 20 layers| |
X FEM- 40 layers
0.075 # FEM- 80 layers | |
0.0 -3 L L L !
0 0.2 0.4 0.6 0.8 1
XZ/H

YAA G TY+ s sled it b aiodan s J5a,00m 0 glads polie & S
Cabrs gliwly jo glas )l s b cpslS
Fig. 5. The radius of FG hydrogel by altering the temperature
from 320 to 288 K in along thickness
8 ey s Ae g To Ve e GlaaY slawi gl vgaome
slass ol38l b el oals ools ylid 7 S )0 a5 el len
B3 L (plon g (ot Gl is wgamme <yl Jo )0 5 slaas¥
Sy 5l an oS Wgd oo 18en (Ll dess o Con 4 (2L
o5 Bl 5 8y G S @ ol Kb olin Y A 5385
Lol osalie LB
szl 5 (Soes agly e Vb Cosnl 4 a2 b izen
55515 55 ol cazadign dlya Jali (sla gt 2l 5 Sases
S8 by oS el i85 )15 aalllas 950 Com 990 (g 99 50
YV sl ol o (Sares bzl 5 (Sowes aly 5 JS5 50
Al oo oanlice BB H95u (pelS YAA L

-3
1 X 10
0.5
= O
&
B
b%
-0.5
— Analytic
—£—FEM- 10 layers
-1 {/+ —©—FEM- 20 layers| -
—»— FEM- 40 layers
—+— FEM- 80 layers
1.5 T . . L L
0 0.2 0.4 0.6 0.8 1

XZ/H

OS YAA LYY o slos osd b aiedon b 55,000 50 (owles (b)5 s @) Jis polie £ s
Fig. 6. (a) radial and (b) hoop stresses of FG hydrogel by variation of temperature from 320 to 288 K

Yo



FOAY b YOAY doio VAR Jlo VY 0,leud Y 095 ¢pusS pool SilSn i 4 pui

40¢

35¢

30 -

25

15+

10 -

0 L . L L T —O— )
290 295 300 305 310 315 320
T [K]

S YAA B YY e s glod s b anedun (ulb 59,008 50 (Sowed slissl () 5 Sawes agl; @) polis YV o
Fig. 7. Bending (a) angle and (b) curvature of FG hydrogel by altering temperature from 320 to 288 K

15 —
10 -
=
2
5 -
ol , ‘ ‘ oo o o
290 295 300 305 310 315 320
T [K]
e S 48
JURRTEPENS
15 s gl (X
= Jeb L
o Bl gl s
)b gl I
Syt 0Ll 9l po sLL 2 J
oo ol kg
Sroeky blie lacsid polie : Nv
(sl Lo : T
LgoLo )Aa‘)b ZA.,A\,B.,B\
g e
S oS aygly o 0
S e bl - X
POy S PA
O P )
Gch..: Lgl.‘;.w\) r
sbos s,
aao 9,0 bl
&l
[1] S. Cai, Z. Suo, Mechanics and chemical
thermodynamics of phase transition in

temperature-sensitive hydrogels, Journal of the
Mechanics Physics of Solids, 59(11) (2011)
2259-2278.

[2] S.A. Chester, L. Anand, A thermo-mechanically

yod)

Glis Sl @ e oo Y sl ol ol38l L aS 00 S0 Y L
Ol e sl caws (s a0 ead (giluand alius b
FolVe Ve Sglate slaayy slows glp dgame syl = sl
e b a5 el oanlive Bl ol 48,5 18 oy 3y5e Ae
b plss ells 5,0 55 coeslS YAA B YV o3l o Leo
3heslad Sygay H=-/-\m_g,e sl)b a5 Llatis Ledan
Sl i g 00,8 Ty /O L /Y sga> o gl Lo pls
slwl </ de—Y 5 F/Ve—0 iy 4 pay Sl b gwloo yiiS g
FB abbge Al old G 4 S oulas T g WS (o0
el g @V ghe o el 5 Gl oS Sl SO
Bl ool aid 3 Ja5 10 (6550 Ll b o5t a5 wilioe o
&5 OlPen onben g olad 5 elad mjei jo S35 L o)l
Sedie (ol olet b (59,0 5 o 1) plrale 5 S augy
Ol s sy sz szl (o 1) oauay opl a5 0,5 svnlin
S 9o a5l line YU Coeal 4 az 55 b uizmen 0 S sualis
9 2 50 55,851 50 Gl o jguins (Hib 3 (Sares szl
5 s sibie b gy 45 €55 5 Anglie 550 U
YAAG YT+ 05l ;5 Lod yoai b oasy 330 55 50 45 ool oalitcn
GAS YO LT A (slos 0ga> ;0 25 (Suwes gl 9 Lol nolS
L oS aldlbioe a2 )0 Frodg0m 50 5 dgly 5 00,5 jts Dol
ozl (sl slos )5 Glgioo (Sawes 5l Glime nl 4 4z

28,8 a5 b il Cnl gl opef g Loy b ygunios



FOAY b YOAY doio VAR Jlo VY 0,leud DY 095 ¢y paol SilSn i 4 pii

(2011) 715-722.

[11] S.A. Chester, L. Anand, A coupled theory of
fluid permeation and large deformations for
elastomeric materials, Journal of the Mechanics
Physics of Solids, 58(11) (2010) 1879-1906.

[12] M. Doti, Gel dynamics, Journal of the Physical
Society of Japan, 78(5) (2009) 052001.

[13] M. Guenther, G. Gerlach, T. Wallmersperger,
Non-linear effects in hydrogel-based chemical
sensors: experiment and modeling, Journal of
Intelligent Material Systems Structures, 20(8)
(2009) 949-961.

[14] L. Ionov, Biomimetic hydrogel-based actuating
systems, Advanced Functional Materials,
23(36) (2013) 4555-4570.

[15] A. Richter, Hydrogels for actuators, in:
Hydrogel sensors and actuators, Springer,
Berlin, Heidelberg, 2009, pp. 221-248.

[16] J.P. Chavez, A. Voigt, J. Schreiter, U.
Marschner, S. Siegmund, A. Richter, A new
self-excited chemo-fluidic oscillator based on
stimuli-responsive hydrogels: mathematical
modeling and dynamic behavior, Applied
Mathematical Modelling, 40(23-24) (2016)
9719-9738.

[17] A.S. Hoffman, Hydrogels for biomedical
applications, Advanced drug delivery reviews,
64 (2012) 18-23.

[18]M. Sharabi, D. Varssano, R. Eliasy, Y. Benayahu,
D. Benayahu, R. Haj-Ali, Mechanical flexure
behavior of bio-inspired collagen-reinforced
thin composites, Composite Structures, 153
(2016) 392-400.

[19] X. Zeng, C. Li, D. Zhu, H.J. Cho, H. Jiang,
Tunable microlens arrays actuated by various
thermo-responsive hydrogel structures, Journal
of Micromechanics Microengineering, 20(11)
(2010) 115035.

[20] J. Guan, H. He, D.J. Hansford, L.J. Lee,
Self-folding of three-dimensional hydrogel
microstructures, The Journal of Physical
Chemistry B, 109(49) (2005) 23134-23137.

[21] M. Baghani, R. Naghdabadi, J. Arghavani,

coupled theory for fluid permeation in
elastomeric materials: application to thermally
responsive gels, Journal of the Mechanics
Physics of Solids, 59(10) (2011) 1978-2006.

[3] W. Guo, M. Li, J. Zhou, Modeling
programmable deformation of self-folding all-
polymer structures with temperature-sensitive
hydrogels, Smart Materials Structures, 22(11)
(2013) 115028.

[4] H. Mazaheri, M. Baghani, R. Naghdabadi, S.
Sohrabpour, Inhomogeneous swelling behavior
of temperature sensitive PNIPAM hydrogels in
micro-valves: analytical and numerical study,
Smart Materials Structures, 24(4) (2015)
045004.

[5] H. Mazaheri, M. Baghani, R. Naghdabadi,
S. Sohrabpour, Coupling behavior of the
pH/temperature sensitive hydrogels for the
inhomogeneous and homogeneous swelling,
Smart Materials Structures, 25(8) (2016)
085034.

[6] H. Mazaheri, M. Baghani, R. Naghdabadi,
Inhomogeneous and homogeneous swelling
behavior of temperature-sensitive poly-(N-
isopropylacrylamide) hydrogels, Journal of
Intelligent Material Systems Structures, 27(3)
(2016) 324-336.

[7]T. Morimoto, F. Ashida, Temperature-responsive
bending of a bilayer gel, International Journal
of Solids Structures, 56 (2015) 20-28.

[8] R. Marcombe, S. Cai, W. Hong, X. Zhao, Y.
Lapusta, Z. Suo, A theory of constrained
swelling of a pH-sensitive hydrogel, Soft
Matter, 6(4) (2010) 784-793.

[9] W. Toh, T.Y. Ng, J. Hu, Z. Liu, Mechanics of
inhomogeneous large deformation of photo-
thermal sensitive hydrogels, International
Journal of Solids Structures, 51(25-26) (2014)
4440-4451.

[10] H. Li, R. Luo, Modeling the influence of
initial geometry on the equilibrium responses
of glucose-sensitive hydrogel, Journal of
Intelligent Material Systems Structures, 22(8)

Yoy



FOAY b YOAY doio VAR Jlo VY 0,leud DY 095 ¢y paol SilSn i 4 pii

Structures, 50(3-4) (2013) 578-587.

[30] Z. Wu, N. Bouklas, Y. Liu, R. Huang, Onset of
swell-induced surface instability of hydrogel
layers with depth-wise graded material
properties, Mechanics of Materials, 105 (2017)
138-147.

[31] Z. Wu, R. Huang, Analytical solution of swell-
induced surface instability for graded hydrogel
layers, in: ICF13.

[32]S. Roccabianca, M. Gei, D. Bigoni, Plane strain
bifurcations of elastic layered structures subject
to finite bending: theory versus experiments,
IMA journal of applied mathematics, 75(4)
(2010) 525-548.

[33] F. Afroze,
Phase system poly
(N-isopropylacrylamide)/water and swelling

E. Nies,
transitions in the

H. Berghmans,

behaviour of the corresponding networks,
Journal of Molecular Structure, 554(1) (2000)
55-68.

[34] J. Kierzenka, L.F. Shampine, A BVP solver
that controls residual and error, Journal of
Numerical Analysis, Industrial and Applied
Mathematics, 3(1-2) (2008) 27-41.

yoar

A large deformation framework for shape

memory polymers: Constitutive modeling
and finite element implementation, Journal of
intelligent Material systems structures, 24(1)
(2013) 21-32.

[22] A. Nassiri-monfared, M. Baghani, M.R.
Zakerzadeh, P. Fahimi, Developing a semi-

thermomechanical
response of SMA laminated beams, considering
SMA asymmetric behavior, Meccanica, 53(4-
5) (2018) 957-971.

[23] Z. Hu, X. Zhang, Y. Li, Synthesis and
application of modulated polymer gels,
Science, 1995.

[24] J. Abdolahi, M. Baghani, N. Arbabi, H.
Mazaheri, Analytical and numerical analysis of

analytical model for

swelling-induced large bending of thermally-
activated hydrogel bilayers, International
Journal of Solids Structures, 99 (2016) 1-11.

[25] J. Abdolahi, M. Baghani, N. Arbabi, H.
Mazaheri, Finite bending of a temperature-
sensitive hydrogel tri-layer: An analytical and
finite element analysis, Composite Structures,
164 (2017) 219-228.

[26] M. Guvendiren, J.A. Burdick, S. Yang, Kinetic
study of swelling-induced surface pattern
formation and ordering in hydrogel films with
depth-wise crosslinking gradient, Soft Matter,
6(9) (2010) 2044-2049.

[27] M. Guvendiren, J.A. Burdick, S. Yang, Solvent
induced transition from wrinkles to creases in
thin film gels with depth-wise crosslinking
gradients, Soft Matter, 6(22) (2010) 5795-
5801.

[28] M. Guvendiren, S. Yang, J.A. Burdick,
Swelling-induced surface patterns in hydrogels
with gradient crosslinking density, Advanced
Functional Materials, 19(19) (2009) 3038-
3045.

[29] Z. Wu, N. Bouklas, R. Huang, Swell-induced
surface instability of hydrogel layers with
material properties varying

International Journal of Solids

in thickness
direction,






